TSLP receptor knockout mice. Xylene promoted the picryl chloride-induced thickening of the ear and IL-4 production, which were reversed in TSLP receptor knockout mice. Conclusion: Xylene induced TSLP production, resulting in an exacerbation of allergic inflammation. Thus, xylene might be a good tool for examining the roles of TSLP in eliciting allergy in experimental animals.
Role of Xylene in Exacerbation of Allergic Inflammation in Mice
Int Arch Allergy Immunol 2012;157: [194] [195] [196] [197] [198] [199] [200] [201] 195 suppressed in TSLP receptor-deficient mice [7] . In addition, the intratrachial administration of Fc-TSLP receptor-fusion protein or anti-TSLP receptor significantly reduced eosinophil infiltration, hyperplasia, and Th2 cytokine production [7, 8] . Lung-specific expression of TSLP induced asthma-like airway inflammation [9] , and skinselective expression and intradermal injection of TSLP induced atopic dermatitis [10, 11] . Thus, an excess of TSLP is enough to cause allergic inflammation.
TSLP induces the activation of immature dendritic cells, recruitment of mature dendritic cells into lymph nodes, and expression of the OX40 ligand (OX40L) [12] , which triggers the differentiation of allergen-specific naïve CD4+ T cells into inflammatory Th2 cells that produce IL-4, IL-5, IL-13 and TNF-␣ [12, 13] .
It has been reported that epithelial cells (e.g. airway epithelial cells and keratinocytes) and mast cells produce TSLP when stimulated with antigens, cytokines and Tolllike receptor ligands [2, [14] [15] [16] . The production of TSLP by epithelial cells was significantly enhanced by TNF-␣ and/or IL-4 [14, 15] . Authors have reported that the application of 12-O-tetradecanoylphorbol-13-acetate (TPA) to the earlobes of mice induced the expression of TSLP mRNA [17] . The findings indicated that the production of TSLP could be induced by nonimmunological stimulants such as chemical compounds.
The first cells to interact with chemical compounds in the environment are the epithelial cells of the respiratory system, digestive tract and skin. Therefore, chemicals that promote Th2-type reactions and worsen allergic inflammation might induce TSLP production by epithelial cells. To clarify the involvement of TSLP in the induction of Th2-type reactions, we used our novel allergic inflammation model using picryl chloride (PiCl), a contactsensitizing chemical [17] . PiCl induced Th1-dominant contact hypersensitivity in the mice treated with cyclophosphamide, which causes blood eosinophils [18] and decreases the number of regulatory T cells [19] . However, the application of TPA after the sensitization with PiCl, which induces TSLP production, shifted the PiCl-induced allergic inflammation from a delayed-type response to a biphasic response, increased the infiltration of eosinophils, and the cytokine milieu from Th1 to Th2 [17] . Thus, this model is useful for detecting the chemical such as TPA, which shifts the cytokine milieu from Th1 to Th2 by producing TSLP.
In this study, the activity of various organic solvents to elicit TSLP production was examined in vivo and xylene was found to potentially augment Th2-type allergic responses by inducing TSLP production.
Animals and Methods

Animals
Male BALB/c mice and C57BL/6 (5 weeks old), WBBF1 wildtype, and W/W v mice were purchased from SLC (Shizuoka, Japan). The generation of TSLP receptor knockout mice (C57BL/6 background) has been described previously [20] . BALB/c TNF-␣ knockout mice (BALB/c background) were established from original TNF-␣ knockout mice [21] . IL-4 receptor ␣ -chain gene knockout mice (BALB/c background) [22, 23] were purchased from Immuno-Biological Laboratories, Co. Ltd. (Takasaki, Japan). The study protocol was approved by the Institutional Animal Care and Use Committee of Tohoku University (Permission No. 20-Pharma-Animal-22).
Assay of TSLP Production Triggered by Organic Solvents
The organic solvents used were benzene, chloroform, ethyl acetate, toluene, xylene, xylene isomers, 1,3,5-trimethylbenzene, and 1,2,4-trimethylbenzene (Wako Pure Chemical Industries, Osaka, Japan) and TPA (Sigma-Aldrich, St. Louis, Mo., USA). Twenty microliters of solvent or a 0.04-g/ l TPA solution (3: 1 in acetone:ethanol) was painted on the right earlobe of mice. Earlobe tissue was then punched out (diameter 5 mm) at a specified time and weighed.
Determination of the Expression of mRNA for TSLP in Earlobes
The total RNA of tissues was extracted using a GenElute Mammalian Total RNA Kit (Sigma-Aldrich) according to the manufacturer's instructions. The extracted RNA (0.5 g) was reverse-transcribed by using M-MLV reverse transcriptase (Invitrogen Co., Carlsbad, Calif., USA). PCR amplification of the cDNA was performed with Taq polymerase (Takara, Ohtsu, Japan) and specific primers. The sequences of the primers used and PCR conditions for the amplification of TSLP cDNA were: (forward) 5 -GAC AGC ATG GTT CTT CTC AG-3 and (reverse) 5 -CTG GAG ATT GCA TGA AGG-3 , 40 cycles of denaturation at 94 ° C for 1 min, annealing at 57 ° C for 1 min, and extension at 72 ° C for 1 min. The murine glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene (a housekeeping gene) was used as an internal standard. The sequences of primers used for the amplification of GAPDH cDNA were: (forward) 5 -TGA TGA CAT CAA GAA GGT GGT GAA G-3 and (reverse) 5 -TCC TTG GAG GCC ATG TAG GCC AT-3 . PCR was performed for 27 cycles, denaturation at 94 ° C for 0.5 min, annealing at 57 ° C for 1 min, and extension at 72 ° C for 2 min.
Determination of TSLP Protein in the Tissue
The tissue samples were homogenated at 4 ° C in 10 vol of phosphate-buffered saline by a Beads Cell Disrupter (MS-100, Tomy Digital Biology Co., Tokyo, Japan). The concentration of TSLP in the supernatant of the homogenate was determined by ELISA (R&D Systems, Minneapolis, Minn., USA). The supernatant contains unidentified substances which nonspecifically bind to the biotin-labeled enzyme of the ELISA kit. Therefore, the level of TSLP in the supernatant was measured with or without a secondary antibody to recognize nonspecific binding. The value obtained with the homogenate of untreated earlobes was then subtracted from the data to give the increase in the level of TSLP.
Histological Analysis
The earlobe tissue was excised 24 h after the painting of xylene and immediately fixed in 10% neutral buffered formalin and embedded in paraffin. The sections were immunostained or stained with hematoxylin and eosin. The immunostaining of TSLP was performed using a rabbit anti-human TSLP antibody (Santa Cruz Biotechnology Inc., Santa Cruz, Calif., USA) and the avidin-biotin-peroxidase system (Vector Laboratories Inc., Burlingame, Calif., USA).
Determination of OX40L mRNA Levels in Cervical Lymph Nodes
Xylene (20 l) was painted on the right ear of mice once or once a day for 7 days. Twenty-four hours after the last painting, the cervical lymph nodes were excised and weighed. cDNA was prepared as described above. The sequences of the primers used and conditions for the amplification of OX40L cDNA were as follows: (forward) 5 -CAG AGG AGC AGT TAC CAG AT-3 and (reverse) 5 -CAG GAG CAT TTA CAG TCA GG-3 , 31 cycles of denaturation at 94 ° C for 1 min, annealing at 58 ° C for 1 min, and extension at 72 ° C for 1 min. The levels of mRNA for OX40L and GAPDH were quantitated by scanning densitometry, and the density ratio of the OX40L mRNA to the GAPDH mRNA was calculated.
Induction of PiCl-Induced Allergic Inflammation and Determination of IL-4
The effects of xylene on PiCl-induced contact dermatitis were examined as reported [17] . Briefly, cyclophosphamide (Sigma-Aldrich) was dissolved in saline and injected subcutaneously at a dose of 150 mg/kg into TSLP receptor knockout mice and wildtype mice. Two days later, mice were sensitized with 50 l of a 7% (w/v) PiCl solution (Nacalai Tesque, Kyoto, Japan; 3: 1 in acetone:ethanol; day 0). Thereafter, 20 l of xylene was applied to the same site twice (days 5 and 10). On day 12, mice were challenged with 20 l of a 1% (w/v) PiCl solution by painting it on the right earlobe. Ear thickness was measured with a dial thickness gauge (Peacock, Ozaki, Tokyo, Japan) at a specified time. A homogenate of earlobe tissues was prepared as described above and the level of IL-4 was determined by ELISA (e-Biosciences Inc., San Diego, Calif., USA). Nonspecific binding was subtracted as described above.
Statistical Significance
The statistical significance of the results was analyzed with the Dunnett test or the Student-Newman-Keuls test for multiple comparisons. The results were confirmed by at least three independent sets of experiments.
Results
TSLP Production Induced by Organic Solvents
Various organic solvents were painted on the right earlobes of mice. Consistent with previous findings [17] , TPA induced the expression of TSLP mRNA in the earlobes excised 4 h after the painting ( fig. 1 ). Under these conditions, the application of toluene and xylene, but not chloroform or ethyl acetate, induced the expression of TSLP mRNA ( fig. 1 ). The effects of aromatic compounds on the production of TSLP protein were then examined. TPA also induced the increase in TSLP protein in the homogenate of earlobe tissue excised 24 h after the painting, and the amount of TSLP (increase vs. untreated) was 515 8 18 pg/ml. Xylene but not benzene increased the level of TSLP in the homogenate ( table 1 ). The level of activity of toluene was in between that of xylene and benzene. Because the xylene used was a mixture of 3 isomers, o -xylene, m -xylene and p -xylene (1: 5:3), the activity of each isomer was determined. Interestingly, m -xylene induced the production of TSLP much more extensively than did o -xylene ( table 1 ) . Furthermore, both 1,3,5-trimethylbenzene and 1,2,4-trimethylbenzene also triggered marked TSLP production ( table 1 ). Since the xylene identified in indoor environments is a mixture of 3 isomers, we used xylene as a chemical inducer of TSLP production in subsequent experiments.
TSLP-Producing Cells
The level of TSLP in the xylene-treated earlobes slowly increased and reached a maximum at 24 h ( fig. 2 a) . The painting of xylene on the earlobes of mast cell-deficient W/W v mice caused the production of TSLP at 24 h to almost the same extent as in the corresponding control mice ( fig. 2 b) . The painting of xylene almost did not induce the infiltration of leukocytes ( fig. 3 a, b) . The immunostaining with anti-TSLP disclosed that the TSLP-producing cells were mainly located in the epithelial layer of the xylene-treated ear ( fig. 3 d, e) .
Involvement of TNF-␣ and IL-4 in the Xylene-Induced Production of TSLP
To clarify whether TNF-␣ and IL-4 enhanced xyleneinduced production of TSLP, xylene was painted on the 
Increase in the Weight of Cervical Lymph Nodes and Expression of OX40L on the Painting of Xylene
To clarify whether or not xylene caused the production of a significant amount of TSLP to activate dendritic cells, the weight of the cervical lymph node and the expression of OX40L were determined. Although not significantly increased 1 day after the painting of xylene, the weight of the cervical lymph node was significantly greater following repeated treatment with xylene for 7 days ( fig. 5 a) . The xylene-induced increase was smaller in C57BL/6 mice ( fig. 5 b) than in BALB/c mice, and partially but significantly reduced in TSLP receptor knockout mice ( fig. 5 b) . In addition, the level of OX40L mRNA in the lymph node was apparently increased by the repeated treatment with xylene in wild-type mice but not in TSLP receptor knockout mice ( fig. 5 c, d ).
Exacerbation of PiCl-Induced Allergic Inflammation by Xylene
Finally, the possibility was examined that xylene exacerbated antigen-induced allergic inflammation via TSLP production. As shown in figure 6 a, the painting of xylene on the same earlobes 5 and 10 days after the sensitization with PiCl enhanced the PiCl-induced increase in ear thickness. The levels of IL-4 in the earlobe tissue 24 h after the challenge were also increased by the application of xylene ( fig. 6 b) . The enhancement by xylene of ear swelling and IL-4 production was not observed in TSLP receptor knockout mice ( fig. 6 ).
Discussion
TSLP is a master cytokine inducing Th2-type allergic inflammation [3] . In our study, some organic chemicals, i.e. volatile solvents used in paints and glues, induced production of TSLP, resulting in an exacerbation of allergic inflammation.
Among the organic solvents tested, xylene, especially m -xylene, 1,3,5-trimethylbenzene and 1,2,4-trimethylbenzene significantly caused the production of TSLP in vivo ( fig. 1 , table 1 ) . Interestingly, the activity to induce TSLP production was highly dependent on the position of methyl groups on the benzene ring. Namely, m -xylene induced much more extensively the production of TSLP than did o -xylene. These findings suggested that xylene triggered TSLP production by binding to a specific protein in a structure-dependent manner, and not via physical and/or chemical toxicity.
The TSLP-producing cells were mainly epithelial cells and mast cells [1, 2] . In addition, mast cells induced epithelial TSLP production in a model of allergic rhinitis [24] . However, the painting of xylene on the earlobes of mast cell-deficient W/W v mice caused the production of TSLP to almost the same extent as in the corresponding control mice ( fig. 2 b) , indicating that mast cells were not involved in the xylene-induced production of TSLP. The painting of xylene almost did not induce the infiltration of leukocytes, indicating that the cells existing in the skin might be producing TSLP. The immunostaining analysis disclosed that the TSLP-producing cells were mainly located in the epithelial layer of the xylene-treated ear ( fig. 3 d, e) . These findings suggested that the cells, such as keratinocytes, in the epithelial layer produced TSLP in response to xylene.
TNF-␣ and IL-4 only slightly induced production of TSLP but enhanced Toll-like receptor ligand-induced production in vitro [14] [15] [16] . No increase in the levels of these cytokines in the earlobe tissue obtained 4-24 h after the painting of xylene was detected (data not shown). However, xylene-induced production of TSLP was significantly diminished in TNF-␣ knockout mice and IL-4 receptor knockout mice ( fig. 4 ) , indicating that xylene elicited TSLP production via costimulation with basal or low levels of TNF-␣ and IL-4. The producing cells of TNF-␣ and IL-4 might be the responding cells to xylene, but they were not identified via the immunostaining (data not shown). These findings also suggested that there is a common pathway triggered by xylene and Toll-like receptor ligands. The molecular mechanisms by which xylene induces TSLP production are under investigation.
TSLP induces the expression of OX40L on dendritic cells [12] and the proliferation of Th2 lymphocytes [12, 13] . In the previous model, xylene increased the weight of the cervical lymph node and the expression of OX40L ( fig. 5 ). Because these responses were reduced in TSLP receptor knockout mice, it was likely that xylene triggered the activation of dendritic cells via the production of TSLP, resulting in an increase in the proliferation of lymphocytes in the cervical lymph nodes. Because the weight of the lymph node was increased by xylene in TSLP receptor knockout mice, the possibility that xylene induced the production of cytokines other than TSLP, which caused lymphocytes to proliferate, could not be ruled out.
Some chemical compounds, such as formalin, bind to proteins and act as a hapten to induce allergies. The antigenicity of xylene itself, however, has not been reported. It is possible that xylene exacerbated the antigen-induced allergic inflammation via TSLP production. Authors have reported that the application of TPA aggravated PiCl-induced allergic inflammation [17] . In that model, TPA elicited the production of TSLP and shifted the cytokine milieu from Th1 to Th2 [17] . In our study, xylene, which was used instead of TPA, enhanced the PiCl-induced thickening of the ear and IL-4 production ( fig. 6 ). Xylene failed to induce a biphasic response which was observed by PiCl plus TPA [17] . The discrepancy might be caused by the use of a different mouse strain. In the previous study, we used Balb/c mice, i.e. Th2-oriented mice, but in this study, we used C57BL/6 mice, i.e. Th1-oriented mice, because the TSLP receptor knockout mice we used had a C57BL/6 background. The finding that the xyleneinduced enhancement of these responses was reversed in TSLP receptor knockout mice suggested that xylene exacerbated the PiCl-induced allergic inflammation via production of TSLP, which elicited an enhancement of Th2-type immune responses as determined from IL-4 levels. Xylene, 1,3,5-trimethylbenzene and 1,2,4-trimethylbenzene are volatile solvents of paints and glues and often detected in indoor environments [25] . Recently, it was reported that repeated exposure to a cigarette smoke extract induced TSLP production and promoted antigen-induced Th2-type immune responses and airway inflammation [26] . Therefore, the inhalation of these organic solvents may also induce TSLP production in respiratory tissue and exacerbate asthma and allergic rhinitis. Authors have now begun studying this possibility.
In conclusion, xylene induced the production of TSLP and aggravated allergic inflammation. This is the first report of a pure chemical compound detected in the environment triggering TSLP production and worsening allergic inflammation in vivo. The models employed here would be useful for detecting chemicals that exacerbate allergic inflammation without antigenicity. In addition, xylene might be a good tool for examining the role of TSLP in eliciting allergy in experimental animals. 
